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I  INTRODUCTION 


Concentrated  microwave  energy  acting  on  a  gas  can  result  in  break¬ 
down  of  the  air,  producing  a  gas  discharge  consisting  of  a  dense  plasma 
of  electrons  and  ions.  Such  a  discharge  plasma  modifies  the  normal 
tranmission  of  microwaves  through  the  gas.  The  discharge  plasma 
reflects  some  of  the  incident  microwave  energy,  transmits  a  portion  of 
the  incident  energy,  and  converts  the  energy  absorbed  by  the  plasma  into 
pressure  waves  and  thermal  energy.  Studies  of  possible  applications  of 
high-power  microwaves  require  a  knowledge  of  self-induced  microwave 
discharge  plasmas,  since  the  discharge  limits  the  delivered  energy. 
Discharges  must  often  be  avoided  in  high-power  radars  or  communication 
equipment,  and  often  are  desired  to  protect  sensitive  receivers  against 
damage  by  moderate  power  entering  antennas  connected  to  the  receivers. 

The  Navy  and  other  DoD  agencies  have  examined  potential  applications  of 
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high-power  microwave  radiation. 

The  threshold  conditions  for  microwave  breakdown  of  air  are  fairly 

well  understood  theoretically  and  have  been  substantially  verified 
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experimentally  under  most  conditions  of  interest.  *  However,  other 
characteristics  of  discharges,  such  as  electron  density,  plasma  spatial 
and  temporal  growth,  and  microwave  absorption,  transmission,  and  reflec¬ 
tion,  are  less  well  understood.  This  report  presents  some  results  on 
the  physical  characterization  of  the  plasma  itself,  including  microwave 
transmission  and  integrated  electron  density. 

The  experiments  and  calculations  described  in  this  report  establish 
some  data  points  and  theoretical  values  for  use  in  testing  current 
theories  and  speculations  about  microwave  discharges.  The  data  and 
calculations  presented  here  are  part  of  a  larger  Navy  program  that 
Includes  related  work  by  the  Naval  Research  Laboratories  and  by  various 
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contractors.  The  work  presented  here  is  intended  to  complement  those 
related  efforts  rather  than  duplicating  them.  The  work  presented  here 
continues  and  extends  some  previous  work  on  microwave  discharges 
sponsored  by  the  Navy  within  its  overall  program.^1 

Section  11  of  this  report  briefly  describes  the  microwave  facility 
used  for  the  experiments.  Section  III  gives  details  of  the  experi¬ 
ments.  Section  IV  presents  the  results  deduced  from  the  experimental 
data.  Section  V  discusses  heat  transfer  to  surfaces  adjacent  to 
microwave  discharges.  Finally,  Section  VI  summarizes  the  results  and 
recommends  further  work. 
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II  SKI  MICROWAVE  FACILITY 


Figure  1  illustrates  the  facility.  The  microwave  source  consists 
of  a  250-kW  transmitter  capable  of  pulse  durations  as  long  as  8  micro¬ 
seconds  and  with  a  maximum  duty  cycle  of  0.001.  The  transmitter 
operates  at  9.37b  GHz.  Microwave  energy  from  the  transmitter  is  concen¬ 
trated  into  a  beam  via  a  parabolic  dish  and  a  horn  feed  (displaced  from 
its  normal  focal  position).  The  beam  of  microwave  energy  is  directed 
into  a  vacuum  vessel,  where  the  breakdown  phenomena  and  characteristics 
are  studied.  Microwave  absorber  surrounds  the  bell  jar  on  the  outside 
and  can  be  placed  inside  on  the  bottom  to  minimize  reflections. 

The  experiments  described  here  used  a  metal  reflecting  plate  placed 

inside  the  bell  jar  at  the  focal  plane  of  the  concentrated  beam.  The 

metal  plate  resulted  in  a  standing  wave  of  electric  field  above  the 

plate.  Microwave  breakdowns  occurred  at  one  or  more  antinodes  of  the 

electric  field  (i.e.,  at  half-wavelength  intervals  of  1.60  cm), 

beginning  0.80  cm  above  the  plate.  The  3-dB  width  of  the  focal  region, 

transverse  to  ttie  beam  propagation  direction,  was  1.4  wavelengths. 

Initially,  the  power  level  and  concentration  efficiency  resulted  in  a 

2 

peak  power  flux  of  1.6  kW/cm  .  This  permitted  breakdown  with  no 
reflecting  plate  present  at  pressures  up  to  20  torr,  and  breakdown  with 
a  reflecting  plate  present  at  pressures  up  to  about  35  torr.  The  ratio 
of  collision  frequency  (in  the  discharge)  to  radian  radio  frequency  is 
about  2  to  3  times  at  these  pressures  and  so  is  slightly  into  the  colli¬ 
sion-dominated  regime  of  microwave  discharges.  During  the  experiments, 
the  transmitter  tube  gradually  failed  and  was  eventually  replaced.  Some 
experiments  were  made  at  reduced  power  output,  prior  to  the  arrival  of  a 
replacement  tube.  The  power  flux  was  recalibrated  for  those  experi¬ 
ments. 

The  transmission  and  integrated  electron  density  experiments 
required  modification,  described  later,  of  the  basic  facility. 
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FIGURE  1  SRI  MICROWAVE  FACILITY  TEST  ARRANGEMENT 
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Ill  KXPERIMKNTS 


A .  Pressure  Pulse  Variation 

Some  pressure  measurements  were  made  to  verify  that  measurements 
taken  in  the  prior  program  were  free  of  pressure  echoes.  Previous 
pressure  measurements  sometimes  showed  substantial  amplitude  variation 
from  discharge  to  discharge.^  Those  measurements  were  made  with  a  pulse 
repetition  frequency  of  10  Hz.  It  was  suggested  that  the  variation  was 
caused  by  echoes  of  strong  pressure  disturbances  inside  the  vacuum 
chamber.  For  example,  at  30  torr,  normalized  overpressures  of  as  much 
as  0.9  (27  torr)  were  obtained.  The  strong  pressure  disturbances  inside 
the  chamber  might  echo  off  the  chamber  walls  and  distort  the  local  gas 
density  at  a  breakdown  region,  thereby  modifying  (1)  the  time  required 
for  breakdown  to  occur,  and  (2)  the  net  pressure  produced  by  a 
subsequent  breakdown. 

At  the  request  of  Mr.  Willis  of  NAVAIR,  pressures  produced  by  the 
discharge  were  measured  again,  but  with  the  microwave  pulse  repetition 
rate  reduced  to  much  less  than  1  pps.  That  pulse  interval  should  be 
sufficient  for  any  pressure  echoes  to  be  wel1  damped.  If  echo  caused 
the  pressure  amplitude  variation,  then  the  lower  repetition  rate  should 
eliminate  echoes  and  their  associated  "ariations. 

Pressures  were  measured  with  the  same  apparatus  used  previously,^ 
but  with  a  slightly  modified  physical  arrangement  of  the  RF  equipment. 
The  change  in  arrangement  caused  breakdown  to  form  secondarily  at  the 
second  antinode  for  the  electric  field  standing  wave,  as  well  as 
primarily  at  the  first  antinode.  Consequently,  the  peak  pressure  wave 
is  accompanied  by  a  second  disturbance  that  occurs  later  in  time  (since 
it  travels  further  to  the  sensor).  Nevertheless,  if  echoes  are  present 
to  any  significant  extent,  they  should  be  similarly  damped  at  a  repeti¬ 
tion  rate  of  less  than  1  pps.  Note  that  a  reflected  wave  traveling  a 
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typical  vacuum  chamber  dimension  of  1  m  at  345  m/s  should  echo  in  a  few 
mill iseconds . ^ 

Figure  2  shows  a  typical  result  when  the  microwave  pulses  are  well 
separated  in  time.  The  oscillogram  his  four  traces.  The  top  trace 
shows  the  RF  power  that  produces  the  microwave  discharges.  This  trace 
is  inverted;  that  is,  when  the  microwave  power  is  on,  the  trace  is  low 
(at  the  beginning  of  the  trace),  and  when  the  power  is  off,  the  trace 
returns  to  the  baseline  and  is  high.  There  are  three  traces  at  the 
bottom,  representing  three  successive  breakdowns.  Two  of  the  traces 
show  a  comparable  peak  primary  amplitude,  but  differ  significantly  in 
the  primary  undershoot  after  the  pressure  pulse  lias  been  reflected  off 
the  metal  plate  holding  the  pressure  sensor.  The  third  trace  shows  only 
a  small  primary  peak  and  a  primary  undershoot  comparable  to  the  lesser 
of  the  two  peak  responses.  However,  the  third  trace  shows  a  larger  peak 
secondary  response  than  does  either  of  the  two  traces  that  showed  large 
primary  peak  responses. 

Figure  2,  and  other  data,  continue  to  show  significant  pressure 
variations  from  discharge  to  discharge,  for  the  case  of  a  low  microwave 
pulse  repetition  rate. 

B .  Optical  be c ay  T i me 

The  optical  output  from  a  microwave  discharge  region  is  a  useful 
diagnostic  tool.  Spectroscopic  examination  of  the  light  can  reveal  the 
gas  species  which  are  excited  or  ionized,  and  the  temporal  variation  is 
an  indicator  of  the  dynamic  processes  that  occur.  The  total  visible 
light  output  as  a  function  of  time  is  a  good  indicator  of  when  breakdown 
occurs.  The  decay  of  the  visible  light  output  is  an  indicator  of  the 
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plasma  afterglow  dynamics.  In  previous  work,  photographs  were  taken  to 
ascertain  breakdown  region  size  and  location.  Because  of  hydrodynamic 
motion  of  the  plasma  (at  velocities  equal  to  or  greater  than  345  m/s) 
after  the  discharge  forms,  It  is  important  to  estimate  size  and  location 
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FIGURE  2  PRESSURE  WAVES  EMANATING  FROM  THE  MICROWAVE  BREAKDOWN 
REGION.  (The  breakdowns  occurred  once  every  few  seconds.) 


discrepancies  resulting  from  motion  during  the  decay  period.  Accord¬ 
ingly,  the  decay  time  of  the  total  light  output  was  measured  using  a 
photomultiplier  tube  sensor  and  an  oscilloscope.  The  visible  output  was 
found  to  decay  quickly,  in  about  3  us  (at  30  torr)  after  RF  power  was 
turned  off. 


C.  Power  Transmission  Through  Discharge 

The  microwave  power  flux  was  recalibrated  prior  to  measuring  power 
transmission  through  the  discharge  region  because  of  an  observed  dropoff 
of  breakdown  capability  in  the  vacuum  chamber.  The  power  flux  had 
fallen  sufficiently  so  that  breakdown  with  the  reflecting  metal  plate 
could  no  longer  be  obtained  above  30  torr.  Alignment  of  the  feed  horn 
and  reflector  was  first  checked,  and  minor  adjustments  were  made. 
However,  that  failed  to  correct  the  flux  dropoff.  The  transmitter  power 
was  then  measured  at  130  kW,  rather  than  its  original  level  of  250  kW. 
This  falloff  was  due  to  tube  aging  and/or  modulator  problems.  A  new 
tube  was  ordered,  after  no  modulator  problems  were  discovered.  The 
power  flux  was  recalibrated  in  order  to  continue  measurements  while 
awaiting  delivery  of  the  new  tube. 

The  source  power  was  measured  at  the  transmit  horn,  through  a 
series  of  couplers  and  precision  attenuators.  A  low-power  source  was 
then  substituted  for  the  high-power  source,  and  a  receiving  horn  was 
placed  approximately  at  the  breakdown  region  position.  The  power  level 
was  measured  at  the  transmitting  horn  location  and  at  the  receiving  horn 
location,  using  the  constant  low-power  source.  The  attenuation  between 
the  transmitting  horn  and  the  receiving  horn  was  -13.5  dB.  This 
attenuation  resulted  from  several  factors:  losses  in  the  focusing 
system,  minor  losses  in  the  transmitting  and  receiving  horns,  and  losses 
In  entering  the  vacuum  chamber  through  the  plexiglass  top.  The  power 
flux  level  at  the  breakdown  region  was  then  computed  using  the  high- 
power  source  level  at  the  transmitting  horn,  the  measured  attenuation 
between  transmitting  horn  and  receiving  horn,  and  the  calculated 
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effective  area  and  pattern  of  the  receiving  horn.  The  peak  power  flux 
at  the  breakdown  region  is  computed  at  780  W/cm  ,  for  the  130-kW  high- 
power  transmitter  level. 

In  addition,  the  power  transmission  measurements  required  an 
accurately  calibrated  video  detector.  A  tunnel  diode  was  used  as  the 
detector.  It  was  calibrated  over  the  range  of  interest  by  measuring  its 
output  as  continuous-wave  (CW)  incident  power  applied  to  it  was 
varied.  The  incident  power  was  varied  with  a  precision  attenuator  and 
was  monitored  with  a  power  meter  via  a  directional  coupler.  The  tunnel 
detector  output  was  found  to  be  accurately  represented  by  the  relation 
P  =  kV^  over  the  range  of  interest,  where  P  is  the  power  and  V  is  the 
tunnel  diode  detector  output  voltage. 

For  this  experiment,  the  metal  reflecting  plate  was  modified.  A 
slit  1  mm  wide  and  1  cm  long  was  cut  in  the  center  of  the  metal  reflect¬ 
ing  plate.  Behind  the  plate,  a  section  of  waveguide  transmitted  power, 
coupled  through  the  slit,  to  the  tunnel  diode  detector.  The  slit  was  at 
the  center  of  the  focal  region  and  was  oriented  so  that  current  flow  on 
the  plate  was  perpendicular  to  the  long  dimension  of  the  slit.  That  is, 
the  slit  lay  along  the  H-field  direction  of  the  incident  wave.  The  size 
of  the  slit  was  chosen  so  that  power  to  the  tunnel  diode  detector  was 
below  burnout  of  that  device  and  was  within  the  calibration  range  (up  to 
200  mV). 

The  experiment  was  performed  by  monitoring  the  tunnel  diode  output 
while  full  130-kW  power  was  applied  at  various  pressures.  At 
sufficiently  high  pressures,  no  breakdown  occurred,  and  the  tunnel  diode 
output  was  constant  (slight  droop  corresponding  to  transmitter  sag) 
during  the  RF  pulse.  When  breakdown  occurred,  the  power  level  decreased 
at  some  time  during  the  RF  pulse.  The  fractional  decrease  in  the 
detected  power  resulting  from  breakdown  was  then  determined  using  the 
square-law  calibration. 

If  the  cross  section  of  the  breakdown  region  is  sufficiently  large 
in  comparison  to  slit  length,  this  method  accurately  measures  the 
fractional  transmission  through  the  breakdown  plasma.  In  most  cases, 
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the  breakdown  region  was  a  few  times  larger  than  the  slit  length. 
Therefore,  the  measurements  are  a  good  measure  of  the  fractional  power 
transmitted  through  the  center  of  the  breakdown  region.  The  fractional 
power  resulting  from  breakdown  is  due  to  absorption  in  the  plasma  and  to 
reflection  from  the  plasma.  With  the  experimental  arrangement  used 
here,  the  reflection  from  the  plasma  could  not  be  determined.  Normally, 
the  power  reflected  back  into  the  transmitting  horn  would  be  measured 
using  a  directional  coupler  that  is  sensitive  to  reflected  power. 

In  our  experiments,  the  reflected  power  was  made  up  largely  of 
steady  signals  due  to  horn  mismatch  to  free  space,  reflection  from  the 
plexiglass  plate  covering  the  vacuum  chamber,  scatter  from  the 
reflecting  metal  plate  region  surrounding  the  breakdown  region,  scatter 
from  vacuum  chamber  walls,  etc.  In  other  words,  the  normal  reflected 
signal  swamped  any  signal  due  to  plasma  reflection.  The  fractional 
transmission  to  the  slit  therefore  cannot  be  separated  into  parts  due  to 
absorption  and  reflection,  using  the  measurements  alone. 

Figure  3  shows  the  results  of  this  experiment,  at  pressures  of  30, 
20,  17,  15,  and  10  torr.  Due  to  the  peak  power  flux  of  780  W/cm2 
available  for  this  experiment,  breakdown  was  not  obtained  at  30  torr  and 
above.  Figures  3b  through  3e  show  that  the  time  for  breakdown  steadily 
diminishes  as  pressure  is  reduced,  for  constant  power  flux.  Also,  the 
transmitted  power  level  after  breakdown  decreases  somewhat  as  pressure 
is  reduced. 

Other  oscillograms,  not  shown  here,  reveal  that  the  transmitted 
power  sometimes  decreases  in  several  abrupt  steps.  This  was  visually 
correlated  on  several  occasions  with  the  occurrence  of  multiple 
breakdown  regions.  At  other  times,  there  is  only  a  single  large  step 
decrease  in  transmitted  power,  even  through  several  breakdown  regions 
are  present.  Thus,  it  appears  that  sometimes  breakdowns  in  the  extra 
regions  occur  sequentially  in  time  with  separations  of  a  few  hundred 
(nanoseconds,  while  at  other  times  breakdown  in  all  the  regions  occurs 
nearly  simultaneously. 
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FIGURE  3  TRANSMISSION  THROUGH  MICROWAVE  DISCHARGE  INTO  A  SLIT 
IN  A  REFLECTING  PLATE  (S  =  780  W/cm2,  10  pps,  1  ps/division 
horizontal,  0.05  V/division  vertical) 
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FIGURE  3  (Concluded) 
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D.  Integrated  Electron  Density 

A  microwave  interferometer  was  set  up  to  measure  the  integrated 
electron  density  of  the  discharge  region.  In  a  previous  program,^1  the 
ion  density  was  measured  within  the  breakdown  plasma  using  Langmuir 
probes.  The  integrated  density  was  then  estimated,  using  data  from  a 
separate  (optical)  thickness  measurement.  However,  Langmuir  probes 
interfere  with  plasma  formation  and  may  have  contaminated  those 
measurements.  In  addition,  since  the  breakdown  plasma  forms  in  multiple 
regions,  it  is  difficult  to  estimate  integrated  electron  density  from  a 
single  probe  measurement.  Multiple  probes  used  to  profile  the  discharge 
region  would  result  in  substantial  interference.  In  addition,  the 
optical  thickness  measurement  has  some  inaccuracies  due  to  motion  during 
the  exposure  time.  Consequently,  it  was  important  to  try  to  measure  the 
integrated  electron  density  of  the  breakdown  region  and  thereby  validate 
the  previous  individual  measurements  of  peak  electron  density  and 
breakdown  region  thickness. 

The  electron  density  and  size  of  the  discharge  region  in  our 
experiments  were  such  that  it  was  difficult  to  make  point  or  integrated 
electron  density  measurements  using  optical  techniques,  without  resort¬ 
ing  to  extreme  power  levels  that  might  directly  affect  the  breakdown 
process.  Consequently,  microwave  interferometry  was  judged  to  be  the 
most  suitable  technique  for  measuring  integrated  electron  density. 
Interferometry  is  noncontacting,  and  therefore  noninterfering,  when  low 
power  levels  are  used.  Microwave  interferometry  is  also  fairly 
sensitive  to  low  levels  of  electron  density  and  of  integrated  electron 
density.  The  main  disadvantage  of  microwave  interferometry  is  that  it 
measures  only  integrated  electron  density  and  not  point  density.  In 
some  cases,  point  density  can  be  deduced  by  profiling  a  plasma  region. 
However,  the  profiling  resolution  is  limited  by  the  size  of  the 
microwave  interferometer  beam — typically  a  few  square  wavelengths  at  the 
interferometer  frequency  or  larger. 

The  microwave  interferometer  used  here  was  unusual  in  that  the  test 
and  reference  arms  were  the  same.  The  interferometry  was  carried  out  by 
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comparing  the  signal  when  the  test  object  (the  breakdown  plasma)  is 
temporarily  introduced  into  the  test  signal  path,  with  the  same  signal 
when  the  test  object  is  not  present. 

A  94-GHz  interferometer  was  set  up,  as  is  illustrated  in  Figure  4, 
to  measure  the  integrated  electron  density.  The  final  arrangement  is 
illustrated  in  Figure  4.  Because  the  thickness  of  the  primary  breakdown 
region  was  only  2  mm,  compared  to  a  3-tnm  wavelength  at  94  GHZ,  edge 
(end-on)  illumination  of  the  primary  breakdown  region  was  not  possible; 
the  beam  was  thicker  than  the  plasma  region.  Initially,  the  94-GHz 
interferometer  was  set  up  to  propagate  at  an  angle  of  about  45°  through 
the  primary  breakdown  plasma  located  about  8  mm  above  the  metal 
reflecting  ground  plane.  However,  the  temporal  irregularity  of  the 
primary  breakdown  region  (sometimes  it  did  not  exist)  as  well  as 
difficulties  in  ensuring  that  the  94-GHz  beam  passed  through  the  primary 
breakdown  region  and  not  merely  through  its  edge,  led  to  abandonment  of 
that  arrangement.  The  final  arrangement  used  a  vertical  path  for  the 
94-GHz  beam,  so  that  it  passed  through  all  of  the  discharge  regions  and 
not  through  just  the  primary  (lowest)  one. 

The  94-GHz  source  was  a  200  tnW  Impatt.  The  distances  involved  and 
the  low  power  level  available  required  that  horns  be  used  in  both  the 
transmit  and  receive  arms  to  achieve  adequate  signal  levels.  The 
transmit  horn  was  located  below  the  metal  reflecting  plate  used  to 
generate  a  standing  wave  for  the  X-band  field.  The  horn  aperture  was 
flush  with  the  reflecting  plate.  The  94-GHz  horn  polarization  was 
orthogonal  to  the  X-band  polarization  to  minimize  distortions  of  the 
breakdown  region.  The  94-GHz  receive  horn  was  located  within  the 
converging  X-band  beam  and  therefore  scattered  some  X-band  power  and 
distorted  the  shape  of  the  breakdown  region,  resulting  in  an  elongated 
(rather  than  circular)  breakdown  region.  This  effect  was  minimized  by 
locating  the  94-GHz  receive  horn  and  connecting  waveguide  in  line  with, 
and  just  below,  the  X-band  feed  horn  and  arm,  so  that  the  94-GHz  equip¬ 
ment  was  shadowed  by  the  X-band  equipment. 
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FIGURE  4  94-GHz  INTERFEROMETER 


Fart  of  Llie  94-CHz  power  is  split  off  by  a  10-dB  coupler  before  it 
passes  through  the  transmit  horn.  This  portion  goes  through  a  variable 
attenuator  and  a  phase  shifter  before  it  arrives  at  the  reference  arm  of 
a  hybird  circuit.  The  transmitted  signal  passes  through  the  vacuum 
vessel,  and  through  any  discharge  region  that  may  be  present,  before  it 
is  collected  by  the  receive  horn.  The  received  signal  is  then  routed  to 
the  test  arm  of  the  hybird.  The  hybrid  outputs  are  sum  and  difference 
signals,  provided  the  variable  attenuator  and  phase  shifter  are  properly 
adjusted.  When  no  breakdown  plasma  is  present,  the  variable  attenuator 
and  phase  shifter  are  adjusted  to  produce  a  maximum  at  the  sum  arm  of 
tiie  hybrid,  and  a  nu  1  i  at  the  difference  arm  of  the  hybrid.  When  a 
plasma  is  present,  the  sum  and  difference  arms  become  unbalanced,  and 
their  output  indicates  the  amplitude  change  and  phase  change  encountered 
in  passing  through  the  X-band-induced  microwave  discharge. 

Considerable  difficulty  was  encountered  in  implementing  this 
experimental  arrangement.  The  250-kW  X-band  power  is  about  60  dB  higher 
than  the  94-GHz  source  power  and  about  90  dB  larger  than  the  94-GHz 
signal  levels  at  the  test  and  reference  ports  of  the  hybrid.  As  a 
result,  the  X-band  pulse  power  resulted  in  disturbances  of  the  hybrid 
output;  presumably,  this  was  due  to  coupling  of  X-band  power  into  the 
94-GHz  detector  crystals.  This  coupling  was  probably  due  to  the  leakage 
of  X-band  power  into  the  cables  connecting  those  crystals  to  the 
oscilloscope.  The  hybrid  circuit  and  the  detection  crystals  were 
shielded  and  relocated  several  times  and  were  finally  placed  outside  the 
screen  room.  This  necessitated  long  runs  of  waveguide,  which  furttier 
reduced  signal  levels  at  the  hybrid  input  and  output  arms. 

Figure  5  shows  the  output  of  the  difference  arm  as  a  function  of 
time  for  pressures  of  3,  10,  15,  18,  and  20  torr,  respectively.  With 
the  Interferometer  in  place,  no  breakdown  occurred  at  or  above  20  torr 
(due  to  field  scattering  and  distortion  by  the  94-GHz  interferometer 
apparatus).  Therefore,  the  20  torr  results  can  be  taken  as  the  baseline 
case  illustrating  the  normal  level  of  X-band  interference. 
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FIGURE  5  94-GHz  INTERFEROMETER  DIFFERENCE  ARM  OUTPUT  (S  =  1600  W/cm2 
10  pps,  5  ps/division  horizontal,  50  pV/division  vertical) 
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FIGURE  5  (Concluded) 
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For  small  at teiuiat ions ,  the  sum  signal  is  not  very  sensitive  to 
changes  in  attenuation  or  phase  shift,  while  the  difference  signal  is 
sensitive  primarily  to  changes  in  attenuation  and  phase  shift.  For  the 
experimental  parameters  involved,  it  can  be  shown  that  the  change  in 
difference  signal  is  primarily  due  to  the  phase  shift  term,  which  is 
proportional  to  the  integrated  electron  density. 

Measurements  also  were  made  of  attenuation  of  the  signal  passing 
through  the  plasma.  These  measurements  suffered  from  excessive  X-band 
interference,  and  were  difficult  to  interpret.  The  direct  attenuation 
measurement  offers  another  means  of  deriving  the  integrated  electron 
density,  but  also  includes  an  extra  collisional  term.  Figure  6  shows 
attenuation  data  at  various  pressures. 
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FIGURE  6  94-GHz  ATTENUATION  PASSING  THROUGH  MICROWAVE  DISCHARGE 
(S  =  1600  W/cm2,  10  pps,  5  us/division  horizontal,  50  ^(V/divisi on  vertical) 
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FIGURE  6  (Concluded) 


IV  RESULTS 


A .  Pressure  Pulse  Variation 

The  slow  repetition  rates  did  not  result  in  less  variation  of 
pressure  pulses.  Thus,  t lie  variation  cannot  be  ascribed  to  echoes 
alone.  However,  it  is  still  possible  thaL  echoes  play  some  role. 

The  pressure  pulse  data  were  subsequently  reviewed.  A  number  of 
instances  occur  where  there  is  little  variation  from  shot  to  shot,  while 
in  other  cases  there  is  considerable  variation  from  shot  to  shot.  The 
data  tend  to  have  less  variation  at  lower  pressures  than  at  higher 
pressures.  This  might  be  expected,  since  high-pressure  measurements 
were  made  close  to  the  threshold  for  breakdown,  and  threshold  will 
always  involve  some  statistical  variations  from  the  norm.  The  data  also 
show  a  trend  to  more  variation  when  multiple  breakdown  regions  are 
present.  Apparently,  some  of  the  regions  rob  power  from  other  regions, 
leading  to  considerable  fluctuations  in  the  primary  pressure  pulse  (the 
one  measured  most  often). 

Another  explanation  for  the  variation  may  involve  the  pressure 
sensor  itself.  The  sensor  was  designed  to  operate  primarily  at  high 
pressures,  up  to  1000  psi,  rather  than  at  the  low  end  of  the  scale  used 
in  our  exp.-r iments — about  0.6  psi  or  less.  While  the  sensor  nominally 
has  resolution  to  about  0.05  psi,  it  may  not  reset  properly  to  zero 
following  small  pressure  disturbances.  The  variations  may  result  from  a 
residual  bias  following  a  previous  sensor  displacement. 

The  existing  data  and  speculations  about  sources  of  the  observed 
variations  in  pressure  pulses  from  microwave  discharges  do  not  conclu¬ 
sively  point  to  any  single  cause. 
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B.  Optical  Decay  Time 

The  optical  decay  time  was  measured  at  about  3  microseconds  at 
30  torr.  That  time  should  vary  inversely  with  pressure.  If  the 
discharge  region  is  moving  at  the  velocity  of  sound  (345  m/s),  then  it 
will  travel  about  1  mm  during  the  optical  decay  time.  Hence,  photo¬ 
graphic  measurements  with  still  cameras  could  have  position  uncertain¬ 
ties  of  1  mm.  Likewise,  photographic  measurements  of  thickness  could  be 
off  by  similar  amounts,  if  hydrodynamic  motion  takes  place  during  the 
recording  period.  In  previous  work,  the  location  of  the  primary 
discharge  region  was  found  to  be  9.7  mm  above  the  plate  and  to  have  a 
thickness  of  1.9  mm.^  Thus,  it  is  quite  possible  that  the  thickness  of 
the  breakdown  region  has  been  overestimated.  Photographs  made  with  a 
framing  camera  could  help  resolve  this  question,  because  of  the  short 
exposure  time. 


C.  Power  Transmission  Through  Discharge 

Figure  7  shows  the  normalized  power  transmitted  through  the 
discharge  after  breakdown  occurs.  Although  there  is  a  variation  of 
transmitted  power  with  time  during  the  breakdown  phase,  the  power  value* 
plotted  is  the  minimum  value  observed.  For  example  at  20  torr,  the 
minimum  fractional  transmission  is  65%  after  breakdown,  while  at  15 
torr,  the  minimum  fractional  transmission  is  40%. 

The  values  given  in  Figure  7  indicate  that  more  power  is 
transmitted  at  higher  pressures  than  at  lower  pressures.  That  may  occur 
for  several  reasons.  First,  at  lower  pressures,  the  plasma  is  more 
diffuse,  and  consequently  It  may  shield  more  of  the  entire  reflecting 
plate,  reducing  coupling  through  the  slit  aperture.  It  was  pointed  out 
in  Section  III  that  the  breakdown  region  is  not  much  greater  than  the 
slit  length,  at  least  near  the  breakdown  threshold.  Second,  as  pressure 
is  decreased,  the  plasma  generally  becomes  a  better  match  for  the 
Incident  power,  since  the  ratio  of  collision  frequency  to  radian 
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FIGURE  7  FRACTIONAL  POWER  TRANSMISSION  DURING  BREAKDOWN 
(lowest  transmitted  power  during  breakdown) 


I  operating  frequency  is  equal  to  1  at  about  12  torr.  Near  that  pressure, 

the  constant  incident  flux  achieves  its  greatest  overstress  with  respect 
to  the  breakdown  threshold,  and  strongest  absorption  should  occur. 

4 

In  previous  work,  it  was  estimated  that  the  fractional  absorption 
of  the  breakdown  plasma  was  65%  to  95%  at  30  torr,  with  a  power  flux  of 
1600  W/cm^.  That  would  indicate  a  maximum  fractional  transmission  of 
about  35%,  a  result  that  does  not  seem  consistent  with  the  values 
reported  here.  Unfortunately,  equipment  degradation  prevented  transmis¬ 
sion  experiments  at  conditions  corresponding  to  the  the  previous 
investigation.  Some  earlier  results  by  Scharfman^  indicated  that  as 
power  was  increased,  the  fractional  transmission  through  a  free-space 
breakdown  region  decreased  in  such  a  way  as  to  maintain  about  the  same 
absolute  transmission  level.  A  similar  phenomena  might  occur  here,  but 
data  with  that  parametric  variation  were  not  gathered. 
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D.  Integrated  Electron  Density 

Figure  8  gives  the  integrated  electron  density  derived  from  the 
94-GHz  measurements  as  a  function  of  pressure,  at  constant  fixed  power 
flux  (1600  W/cm^).  The  integrated  electron  density  decreases  with 
pressure  by  a  slight  amount.  In  general,  the  integrated  electron 
density  measurements  cover  multiple  breakdown  regions,  so  that  little 
can  be  said  about  peak  density,  even  for  a  single  breakdown  region. 
Figure  8  also  shows  a  speculative  maximum  value  of  integrated  electron 
density  equal  to  101  /cni  multiplied  by  the  ambient  pressure  in 
atmospheres,  valid  for  the  high  pressure  regime.  That  speculative  value 
is  based  on  near-total  absorption  of  the  incident  high-power  microwave 
field.  Actually,  however,  if  the  ionization  front  moves  rapidly,  then 
the  speculative  value  could  be  exceeded,  because  only  the  active 
absorbing  volume  need  conform  to  the  above  limit,  and  a  low-density, 
large-integrated-density  tail  could  exist  behind  the  moving  ionization 
front.  For  the  low  pressure  regime,  the  integrated  electron  density  is 
expected  to  be  limited  to  the  product  of  the  critical  density  (1.1  x 
10  /cm  )  and  about  one-half  wavelength  of  path.  The  measured 
integrated  electron  density  poorly  matches  the  speculative  value,  but  is 
close  to  the  expected  low  presure  value. 

The  Integrated  electron  density  at  peak  power  flux  and  15  torr 

12  2 

pressure  compares  reasonably  well  with  the  1.0  x  10  /cm  value 
estimated  in  earlier  work  based  on  estimated  thickness  and  on  estimated 
peak  electron  density.  The  discrepancy  is  believed  to  be  due  to  the  two 
estimates,  as  well  as  to  the  disturbance  of  electric  fields  in  the 
breakdown  region  engendered  by  the  94-GHz  interferometer  apparatus.  The 
disturbance  of  the  breakdown  region  due  to  scattering  from  the  94-GHz 
apparatus  can  be  minimized  by  going  to  higher  94  GHz  powers,  which  would 
then  permit  the  use  of  smaller  horns. 
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FIGURE  8  INTEGRATED  ELECTRON  DENSITY 
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V  THERMAL  TRANSFER  CONSIDERATIONS 


Microwave  energy  incident  upon  a  metal  surface  of  high  conductivity 
is  largely  reflected,  and  very  little  energy  is  converted  into  heat. 

For  example,  at  normal  incidence,  the  fraction  of  the  incident  energy, 
or  power  flux,  converted  to  heat  is 


F 


where  f  frequency  in  GHz 

ur  Relative  permeability  of  the  metal 
a  Conductivity  of  the  metal,  mhos/m. 

For  copper  at  10  GHz,  F  =  2.77  x  10”\  i.e.,  0.03%. 

The  temperature  rise  of  a  slab  of  the  conducting  material  is 
readily  calculated  for  a  given  incident  power  flux  and  pulse  duration, 
provided  (1)  the  thickness  of  the  material  is  known,  (2)  the  specific 
heat  is  known  as  a  function  of  temperature,  and  (3)  losses  due  to 
conduction,  convection,  and  radiation  are  included.  Assuming  adiabatic 
conditions  (ignoring  conduction,  convection,  and  radiation),  a  copper 
film  of  thickness  1  mil  (2.5  x  10  cm),  and  a  constant  specific  heat, 
then  the  temperature  rise  is 

AT  «  0.032  St 

2 

where  S  is  in  W/cm  ,  t  is  in  seconds,  and  AT  is  in  degrees  Centigrade. 

For  the  SRI  experimental  apparatus,  with  S  *  1600  W/cm2  and  t  * 

8  >js,  AT  *  0.0004°C.  That  value  Is  not  measurable  with  our  equipment, 
for  a  single  pulse.  Over  a  1-s  period,  with  a  maximum  repetition  rate 
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allowed  by  the  transmitter  duty  cycle  (125  pps),  the  temperature  rise  is 
only  0.05°C.  In  reality,  operation  at  pressures  of  interest  (5  to  30 
torr),  and  with  real  support  structures  for  the  thin  film,  would  result 
in  a  much  smaller  temperature  rise. 

It  lias  been  speculated  that  causing  a  microwave  discharge  to  form 
near  the  surface  of  a  highly  conducting  body  will  greatly  enhance 
heating  of  that  body,  due  to  heat  transported  from  the  discharge. 
Enhancement  of  body  heating  due  to  microwave  discharges  was  to  be 
investigated,  time  permitting.  However,  the  other  investigations 
reported  here  took  longer  than  anticipated,  and  precluded  experimental 
examination  of  the  enhancement.  Also,  enhancement  was  being 
investigated  experimentally  at  the  same  time  by  T.  Whiting  of  the  Naval 
Research  Laboratories  in  a  related  program.  Therefore,  only  selected 
considerations  regarding  enhanced  energy  transfer  in  the  presence  of  a 
discharge  plasma  were  examined. 

Previous  work  indicated  that  the  breakdown  plasma  created  near  a 
surface  could  absorb  nearly  all  the  microwave  energy  incident  upon  the 
body.  However,  as  has  been  observed  in  experiments  at  SRI  and 
elsewhere,  the  breakdown  region  tends  to  spread  away  from  the  body, 
whenever  that  is  possible  for  the  total  field  configuration  (composed  of 
the  incident  microwave  beam  and  the  scattering  from  the  body).  This 
spreading  implies  that  the  incident  microwave  energy  will  be  absorbed  in 
a  volume  equal  to  the  body-projected  cross  section  multiplied  by  a  large 
number  of  wavelengths  (say  10  for  generality).  The  breakdown  region 
will  gradually  heat  up,  and  eventually,  hydrodynamic  behavior  will  take 
place.  The  heated  region  will  flow  both  toward  the  target,  where  much 
of  the  flow  will  be  reflected,  and  away  from  the  breakdown  region  toward 
the  source.  A  microwave-supported-combustion  or  -detonation  wave  will 
occur.  The  body  will  be  heated  by  some  of  the  mass  flow  toward  it,  and 
by  some  of  the  radiated  heat  from  the  breakdown  region.  Assuming  the 
discharge  absorbs  100%  of  the  incident  energy,  no  more  than  50%  can  be 
directed  toward  the  body.  The  dimensions  of  the  breakdown  region  limit 
the  time  for  hydrodynamic  flow,  and  therefore  limit  gas  heating  within 
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the  active  absorption  region.  Typically  this  dimension  is  a  small 
portion  of  a  wavelength,  say  1/8.  In  a  one-dimensional  flow  situation, 
the  maximum  heat  flux  toward  the  target  within  this  time  would  be 


v  =  34500  cm/sec 


At  10  GHz,  t  *  1.1  microsecond,  and  Q  =  8.7  x  10  ^  joules/cm^  for  S  = 
o 

1600  w/cm  .  This  energy  input  would  raise  the  film  temperature  by  about 
42°.  Heat  deposited  in  the  gas  volume  would  reduce  this  value. 
Reflection  of  flow  would  further  reduce  this  value.  For  longer  times, 
lowered  heat  input  would  provide  a  more  gradual  increase  in  temperature. 

The  considerations  here  indicate  that  measureable  temperature  rises 
may  occur  when  a  discharge  plasma  forms  over  a  thin  metal  reflecting 
plate. 
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VI  SUMMARY 


i 


Some  experiments  were  performed  in  the  SRI  microwave  facility  to 
help  characterize  the  physical  properties  of  gas  discharges  caused  by 
high-power  microwaves.  The  experiments  measured  (1)  the  power 
transmitted  through  a  discharge  above  a  coupling  slit  in  a  ground  plane, 
and  (2)  the  integrated  electron  density  above  a  reflecting  ground 
plane.  Some  auxiliary  measurements  were  made  to  ascertain  whether 
echoes  caused  some  observed  variations  in  pressure  pulses  from  microwave 
discharges  and  to  determine  the  optical  decay  time  constant  associated 
with  prior  photographic  measurements  of  discharge  size  and  location. 
Enhanced  thermal  heating  of  metal  surfaces  due  to  nearby  microwave 
discharges  also  was  considered.  This  section  summarizes  the 
measurements,  the  results  deduced  from  them,  and  the  supporting 
calculations. 

The  microwave  power  flux  incident  on  the  discharge  region  was 
2 

1.6  kW/cm  for  the  integrated  electron  density  measurements  and  pressure 

2 

pulse  variation  mesurements,  and  0.78  kW/cm  for  the  coupling  measure¬ 
ments.  Pulses  were  used  with  durations  of  4  to  8  ps  at  repetition 
frequencies  of  10  pps  or  slower.  These  pulses  created  discharges  in 
regions  about  1  cm  above  the  reflecting  plate  in  the  vacuum  chamber,  and 
at  additional  antinodes  spaced  about  1.6  cm  apart.  Experiments  were 
generally  conducted  between  a  few  torr  and  40  torr.  Microwave  dis¬ 
charges  usually  occurred  at  pressures  between  20  to  35  torr,  depending 
on  the  specific  experiment. 

The  echo  experiments  showed  that  pressure  pulse  variations  were  not 
attributable  to  echoes  bouncing  off  chamber  walls  and  disturbing  air 
density  within  the  vacuum  chamber.  Possible  causes  of  the  variations 
are:  statistical  deviations  of  the  breakdown  process,  especially  near 
breakdown  threshold  at  higher  pressures;  multiplicity  of  discharge 


I 


regions  with  irregular  power  division  between  them;  and  the  resetting 
capability  of  the  pressure  sensor  itself. 

The  optical  decay  time  of  light  from  the  discharge  was  measured  at 
about  3  us.  Taken  together  with  the  possible  speed  of  hydrodynamic 
expansion,  the  thickness  of  the  plasma  estimated  from  photographs  may  be 
in  error  by  1  mm.  That  is  a  significant  error  compared  to  the  original 
2  —  aim  estimated  thickness. 

Power  transmitted  through  the  discharge  to  a  slit  in  the  reflecting 
plate  was  found  to  decrease  as  pressure  decreased,  and  ranged  from  65% 
at  20  torr  to  34%  at  10  torr.  This  indicated  less  absorption  than  was 
expected  from  higher-pressure  measurements. 

The  integrated  electron  density  was  measured  using  an 

interferometer  arrangement  at  94  GHz.  The  measurements  gave  an 

12  2 

integrated  density  of  1  to  2  x  10  electrons/cm  ,  depending  on 
pressure.  That  measurement  is  not  highly  accurate  because  breakdown 
only  slightly  unbalanced  the  interferometer  bridge  output. 

Enhancement  of  surface  heating,  due  to  a  discharge  forming  over  a  t 

reflecting  metal  surface,  was  briefly  considered.  Provided  the  surface 
is  a  thin  film,  significant  temperature  rises  appear  possible.  Lack  of 
time  precluded  experimental  verification  of  this  possibility. 

Recommendations  to  improve  and/or  extend  the  data  base  on 
characteristics  of  microwave  discharges  are  as  follows: 

(1)  Measure  pressure  pulses  produced  by  microwave  discharges  at 
higher  pressures. 

(2)  Measure  spatial  properties  of  microwave  discharges  using 
framing  camera  techniques. 

(3)  Measure  near-backscatter  and  side-scatter  from  microwave 
discharges,  using  a  larger  experimental  facility  allowing 
reduced  instrument  perturbations. 

» 

(4)  Measure  temperature  rises  of  thin  reflecting  films  near 
microwave  discharges. 
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